ABSTRACT TABER, W. A. (National Research Council of Canada, Saskatoon, Saskatchewan, Canada). Sequential formation and accumulation of primary and secondary shunt metabolic products during growth of Claviceps purpurea on rich and limited media. Appl. Microbiol. 12:321-326. 1964.-The fungus Claviceps purpurea was grown on a rich and a limited nutrient medium such that alkaloid was produced after 8 days on the former medium and after 3 days on the latter medium. Cultures grown on both were assayed for the primary shunt metabolic products, polyols, trehalose, lipids, ribonucleic acid, and polyphosphate, and the secondary metabolic product, ergot alkaloid. Although differing considerably in composition, the two media nevertheless allowed formation of both primary and secondary shunt products. In both instances, however, the secondary product, ergot alkaloid, did not form until formation and accumulation of the primary products had ceased and the mycelial content of these products was actually decreasing. In both instances, alkaloid formation took place after the total dry weight of the mycelium had begun to decrease but while the dry weight of the residual, or structural portion of the mycelium, was either constant or increasing. The dilution of labeling in mannitol isolated from mycelia grown on rich medium containing 1 ,6-C14-labeled mannitol was 2.2. Thus, about half of the mycelial mannitol was actually mannitol which had been taken up directly from the medium.
was grown on a rich and a limited nutrient medium such that alkaloid was produced after 8 days on the former medium and after 3 days on the latter medium. Cultures grown on both were assayed for the primary shunt metabolic products, polyols, trehalose, lipids, ribonucleic acid, and polyphosphate, and the secondary metabolic product, ergot alkaloid. Although differing considerably in composition, the two media nevertheless allowed formation of both primary and secondary shunt products. In both instances, however, the secondary product, ergot alkaloid, did not form until formation and accumulation of the primary products had ceased and the mycelial content of these products was actually decreasing. In both instances, alkaloid formation took place after the total dry weight of the mycelium had begun to decrease but while the dry weight of the residual, or structural portion of the mycelium, was either constant or increasing. The dilution of labeling in mannitol isolated from mycelia grown on rich medium containing 1 ,6-C14-labeled mannitol was 2.2. Thus, about half of the mycelial mannitol was actually mannitol which had been taken up directly from the medium. Foster (1949) used the term "shunt metabolism" to refer to the formation of large quantities of compounds which were not integral parts of the cell. The term "overflow shunt metabolism" was used to describe the accumulation of excessive amounts of normal intermediates such as organic acids. (The term "shunt" has been recently used in the name hexose monophosphate shunt to refer to the pentose phosphate cycle, but this usage is no longer popular.) Bu'Lock (1961) used the term "general metabolism" to refer to normal metabolism, "prime precursor" to refer to normal metabolites, and "secondary" or "shunt," metabolism to refer to the formation of noncellular compounds from prime precursors. Growth and ergot alkaloid synthesis by Claviceps purpurea. However, if the increase in weight of integral, structural cell material [i.e., cell wall, protein or "cytoplasm," membrane, and deoxyribonucleic acid (DNA)] is taken as true growth, and the materials which are present in the cell but can be extracted with hot water, ether, and protein-precipitating trichloroacetic acid are taken as nonstructural cell material, then three and not two categories exist. These three categories are: (i) true structural cell material (residual mycelium); (ii) commonly occurring substances such as polyols, trehalose, lipids, "acid-insoluble" ribonucleic acid (RNA), and polyphosphates, hereinafter designated as "primary shunt products"; and (iii) unusual or rare products such as ergot alkaloids, pigments, and antibiotics (in other fungi), hereinafter designated as "secondary shunt products." [Primary and secondary products were formerly thought to be non-nitrogenous and nitrogenous, respectively , but this division may not hold in every case since the formation of "extra" RNA appears to be nearly coincident with the formation of polyols, etc.]
Formation of these primary and secondary products was known to be not simultaneous in some cases, but it was not known how general this separation was, nor whether one, both, or neither was associated with actual cessation of true growth Taber, 1963 MATERIALS AND METHODS Mledia. The rich medium, which allowed late production of ergot alkaloids, is referred to as "late" or as L, and the medium which allowed early production of alkaloids is referred to as "early" or E. Medium E contained: glucose, 10 g; mannitol, 65 g; succinic acid, 7.2 g; KH2PO4, 0.250 g; MgS04-7H20,0.300 g; FeSO4 7H20,0.005 g; MnSO4-H20, 0.00275 g; ZnSO4 7H20, 0.0044 g; (NH4)6Mo7024.4H20, 0.00182 g; CuCl2 2H20, 0.00027 g; CaCl2 2H20, 0.00595 g; NaCl, 0.00255 g; biotin, 0.00005 g; NH40H, to pH 5.2; L-tryptophan, 1.0 g; mevalonic acid, 0.5 g; and distilled water to 1 liter. Medium L had the same composition as medium E, except that it contained 65 g of glucose and 2.25 g of KH2PO4. Medium E became deficient in glucose and phosphate between the third and fourth days, whereas medium L became deficient only in glucose and then not until the eighth day ( Fig. 1) . In a second experiment, 1,6-C14-labeled mannitol was added to two flasks of medium L. Each flask received 1.0 g of mannitol with a specific activity of 2.29 ,uc/mmole. The total activity per flask was 12.58,c.
Inoculum. The culture used was C. purpurea PRL 1980. The inoculum source consisted of washed and blended vegetative mycelia which had been grown on a medium consisting of 1 % glucose and 1 % yeast extract (Difco). Each 250-ml Erlenmeyer flask containing 50 ml of medium was inoculated with 2 ml of mycelial suspension.
Extraction and assay of cellular constituents. In general, the procedures used were those described previously .
Residual mycelium is that material remaining after extraction of the washed, freeze-dried, and powdered mycelium with cold 5 % trichloroacetic acid, ice water, ethanol, ether, and hot 5 % trichloroacetic acid. Trichloroacetic acid was used to extract RNA, because it precipitates protein and hence tends to keep "cytoplasm" out of suspension. Residual mycelium constituted about one-third of the total dry weight. The fact that hot-water extraction also leaves a residue of almost one-third of the total weight supports this concept of true structural mycelium, since extraction of integral, structural cell material with hot (90 C) water can hardly be envisaged. The residue was dried, weighed, and assayed for phosphate after digestion by the Kjeldahl method .
Ergot alkaloids were assayed colorimetrically as described previously (Vining and Taber, 1959) .
Polyols and trehalose were extracted with hot water and assayed as described previously . Mannitol and trehalose were also isolated from preparative paper chromatograms with the solvent system of ethyl acetate-acetic acid-water (6:6:2), crystallized, and identified by mixed melting point and seeding, respectively. A nonreducing spot on the chromatograms which reacted with silver nitrate and corresponded to a pentitol standard was always present in small amounts, but has not been identified. The ,B-glucan (Perlin and Taber, 1963) could not be extracted by hot water and, hence, was isolated from the mycelium with hot and cold trichloroacetic acid and from the filtrate by precipitation with an equal volume of ethanol. Trehalose accounted for 3 to 25 % of the dry weight of the two types of cultures, and total polyols accounted for 1.7 to 12.8 % of the dry weight. Free glycerol was not present at any age of the two types of cultures.
Phosphate and RNA were extracted with cold and hot 5% trichloroacetic acid and assayed by the method of Berenbloom and Chain and spectrophotometrically as described previously . "Acid-insoluble" RNA accounted for 2 to 3 % of the total dry weight. "Acid-insoluble" polyphosphate was measured as described previously and also by isolation as the sodium salt according to the method of Mann (1944) . The latter values were the lowest (Table 1) .
Lipids were measured gravimetrically on the combined ethanol and ether-ethanol fractions. Phosphorus was determined after digestion of the sample by the Kjeldahl method. This lipid fraction accounted for 10 to 17.8 % of the total dry weight of the two types of cultures.
Respiration. Respiration was measured manometrically as described previously (Taber, 1960) . Each day a culture was removed from the shaking machine and a portion was filtered. The filtrate replaced buffer and substrate in the vessel. The portion of the culture which was not filtered was used as the source of mycelium. The viscosity of the cultures necessitated this dilution procedure. (The advantage of the Warburg method is that the cells are not layered by CO2 as they might be in the culture flask; thus, it enables measurement of the respirative capacity of the cells grown on the indicated medium for the indicated time.) 1 ,6-C'4-labeled mannitol. Mannitol (25 mg) was isolated from aqueous extracts of mycelia of the two cultures fed labeled mannitol. The mannitol was recovered from preparative paper chromatograms and crystallized. A portion of the mannitol was counted after wet digestion, and a portion was degraded into two fractions, C1 plus C6 and C2 to C5, by use of the lead tetraacetate method of Brice and Perlin (1957) . The terminal carbons were isolated as the dimedon derivative and were counted. The remainder were isolated as barium carbonate but were not counted quantitatively.
RESULTS AND DISCUSSION
The results of all but the tracer experiment are shown in Fig. 1 through 7 and in Tables 1 and 2 . Cultures grown on the early alkaloid-producing medium (E) and the late alkaloid-producing medium (L) both produced primary as well as secondary shunt metabolic products. Cultures growing on these two quite different media produced ergot alkaloids only after there was no further increase in dry weight (i.e., it had actually decreased) but while the amount of residual mycelium was either constant or in- (Fig. 2 and 3) . The distinction between measuring growth as increase in total dry weight and as increase in residual mycelium can now be appreciated. Alkaloid formation takes place in the interval between loss in total dry weight and loss in residual mycelium dry weight ( Fig.  2 and 7 ). More specifically, alkaloid formation begins after formation of the primary shunt products considered here has ceased, and this relationship between primary and 1 - The letter E refers to the medium allowing early production of alkaloids and L to the medium allowing only late production (see Fig. 7 ). All figures portray data taken from the same experiment. secondary shunt metabolism holds whether the culture is growing on a rich or a limited medium. These data agree with those from separate experiments published previously Taber, 1963) . Residual mycelium was not measured in these earlier experiments, however. It is no doubt the exhaustion of glucose that brings about termination of primary shunt metabolism (Fig. 1) . Paper chromatography revealed that the disappearance of trehalose from the mycelium was not accompanied by the appearance of trehalose in the filtrate. The disappearance of trehalose may have been due to dissimilation (Fig. 4) . The possibility that trehalose was conjugated to a lipid was not investigated. Trehalose did not break down to reducing sugar in the mycelium, since neither paper chromatography nor Somogyi tests of the hot-water extracts detected reducing sugar at any time. The culture grown on medium L may have converted carbon of trehalose into polyol after the sixth day ( Fig. 3 ; note the inverse, but not stoichiometric, relationship between changes in content of polyol and trehalose). The disappearance of polyol from the mycelium may have been due to leaching into the filtrate. The level of mannitol in the filtrate was always high, presumably because only small amounts were used by the fungus. Lipid accumulation ceased before alkaloid synthesis began (Fig. 5) . The respiration data (Fig. 4) reveal that the cells producing the greatest amount of alkaloid by 6 days were also capable of consuming the greatest amount of oxygen. However, the difference in Qo2 of the two cultures Windisch et al. in a patent (see Vining and Taber, 1963) claimed that anaerobic conditions are required for alkaloid production. It would appear that there is no intimate relationship between alkaloid synthesis and a particular rate of respiration. The same can be said for the respiratory coefficient (RQ). Under other growth conditions, limited oxygen might be another way of bringing about the termination of primary shunt metabolism.
The changes in phosphate constituents and "acid-insoluble" RNA content are shown in Fig. 5 and 6 and Table 2 . Since mycelia of both cultures contain some inorganic phosphate at all times, it would appear unlikely that under these conditions phosphate transformation or loss is intimately associated with alkaloid synthesis. Alkaloid production was correlated with attainment of the maximal amount of RNA, however. Examination of the distribution of phosphorus in various fractions of the mycelium (Table  2 ) fails to reveal any change that might be directly related to onset of alkaloid synthesis. Changes in the amount of various phosphate constituents were followed, because it has been reported that antibiotics, also secondary shunt products, are produced under conditions of changes in phosphate metabolism ,
The pattern of accumulation of water-soluble nitrogen resembles that of residual mycelium more than that of the primary shunt products (Fig. 7) . These nitrogenous compounds have not been identified.
The culture used in this study can Fig. 3 , 5, and 7 shows that alkaloid formation began after mycelia grown on both media ceased accumulating polyols, trehalose, and lipids, but not water-soluble nitrogen. 
when grown on a medium containing sugar as the carbon source. Both E and L media contained mannitol and, consequently, it was not known whether the mannitol of the mycelium was a primary shunt product per se or whether it was taken up directly from the medium. It is conceivable that a negative-feedback mechanism for mannitol synthe- sis exists and that the presence of mannitol in the medium prevents mannitol synthesis. This situation would not rule out mannitol as a primary shunt product when mannitol is a constituent of the medium, but it might indicate a more complex role for the mannitol of the nutrient medium than would otherwise be expected. The two cultures given labeled mannitol were grown separately from those discussed in Fig. 1 through 7. They were harvested on the fourth day and should be comparable with the 4-day-old cultures grown on the medium L. Even if the experiments are comparable, the mannitol at 4 days might be of different origin from that of 8 days (see discussion on polyols). The specific activity of the mannitol added to the medium was 2.29 uc/mmole, and the specific activity of that isolated from the mycelium was 1.09 Ac/mmole. The count of the dimedon derivative which contained the terminal carbon of mannitol indicated that not all of the activity was in the original position. The final dilution of the terminal carbons was 2.2. Thus, some of the mycelial polyol was most likely not a product of synthesis but was taken up directly from the medium. With increasing age of the culture, more mannitol may be synthesized either from the glucose of the medium or from recycling of the mannitol carbon.
Since the course of increase in total dry weight and of residual mycelium can differ widely, it seems useful to distinguish between these two processes. The residual mycelium would appear to be the actual structural or integral cell material, and the bulk of the remaining material would appear to be primary shunt products, since they are always present in mycelium and can be removed with hot water. A further portion can be removed with ether and, although this extraction might remove some membrane material, the latter would make up only a small fraction of the 10 to 18 % of the dry weight which is removed by ether. Secondary shunt products are formed in quantities only after formation of primary shunt products has ceased. It is possible that some overlapping might occur 
